When designing large diameter water transmission pipelines, some engineers rely on design rules-of-thumb or a previous project as a template, without recognizing the inherent differences of each project. For large-scale water supply projects, mistakes in hydraulic design, especially underestimating friction headlosses, can be magnified resulting in reduced system capacities, catastrophic failures, or potential litigation.
Introduction
When designing large diameter water transmission pipelines, some engineers rely on design rules-of thumb or a previous project as a template without recognizing the inherent differences of each project. For large-scale water supply projects, mistakes in hydraulic design, especially underestimating friction headlosses, can be magnified resulting in reduced system capacities, catastrophic failures, or potential litigation. Other design issues that can cause serious performance problems in largediameter pipelines include: underestimating effects of sediment and biological material in raw water sources, not accounting for aging of pipeline materials, inadequate pipe pressure class design, improper placement and sizing of air valves, lack of accurate transient and surge analysis, inadequate flow and pressure field measurement, and improper pipeline maintenance and cleaning.
There have been numerous publications on the topics of hydraulic design, proper friction head loss calculation, and pipeline performance issues. However, the focus of this paper is to provide analysis through case studies of several major water supply systems to reaffirm the importance of utilizing proper hydraulic considerations in order to avoid common hydraulic design mistakes. Inopportune short-cuts can often result in capacity and maintenance problems for large water supply systems.
Common Design Mistakes
One of the most common mistakes in hydraulic design of large-diameter pipelines is underestimating pipe resistance and friction headlosses. There are many equations used by engineers to determine friction losses in pipes. In the United States, the two most commonly used are the Hazen-Williams and Darcy-Weisbach equations. Other equations include the Manning equation which has the same limitations as the Hazen-Williams equation, and the Colebrook-White equation, which is used more widely in the United Kingdom (Jones 2008) .
Hazen-Williams Equation
The Hazen-Williams equation is the most widely used method for calculating headlosses in pipelines because it is simple and easy to use. However, the equation is empirical and, for large-diameter pipelines, has a limited range of applicability. Although there is an abundance of evidence of the limitations of the Hazen-Williams equation, it is continually misused in the engineering industry. Developed in the early 1900s using empirical data from pipes installed world-wide, the HazenWilliams equation relates the water velocity flowing full in a pipe to the slope of the energy grade line and hydraulic radius. The equation, in SI units, is: v=0.849CR 0.63 S 0.54 where v is the velocity in meters/second, C is a pipe roughness coefficient, R is the hydraulic radius in meters, and S is the friction headloss per unit length (slope of the energy grade line) in meters/meter. The pipe roughness coefficient, C, is not a function of the Reynolds number which makes the Hazen-Williams equation easier to use than other headloss equations. However, the equation can only be used for water, near room temperature, and within the transition zone flow region. Also, the roughness coefficient, C, varies with pipe size, and according to Jones (2008) , "errors (in calculations) can be appreciable (up to 40%) for pipes less than 200 mm (8 in.) and larger than 1500 mm (60 in.), for very cold or hot water, and for unusually high or low velocities." Still, 'the Hazen-Williams equation has been verified in the field for common pipe sizes and conventional flow rates.' (Jones 2008) The design engineer should be aware that other researchers have concluded and concurred that the limitations of the Hazen-Williams Equation were known from its inception. Williams and Hazen thought the C value was not constant since the exponents used in the equation may vary depending on the diameter of the pipe and slope of the energy grade line (Liou 1998) . Ultimately, Williams and Hazen decided the C was practically constant since the exponents are representing "approximately average conditions", and they reflect smoothness of the interior pipe surface (Liou 1998) . 'The Hazen-Williams equation has been used for over a century and, despite its limitations there is a large database of available information about the inner surface roughness of pipes as they age.' (Liou 1998 ) Christensen (2000 points out that many hydraulic engineers use the Hazen-Williams formula outside its valid range but researchers have "introduced C-value as functions of pipe diameter and equivalent sand roughness" to make the formula produce reasonable results. As a word of caution for design engineers, it is good design practice to use a range of Hazen-Williams C-factors when calculating friction losses over the life expectancy of a pipeline.
Darcy-Weisbach
Another equation commonly used for calculating pipeline friction headlosses is the Darcy-Weisbach equation. It is the only rational formula and it provides a better approximation of friction headlosses than the Hazen-Williams equation since it takes into account the pipe roughness and Reynolds Number for different pipe materials, and is valid for all pipe sizes and turbulent flow ranges. The DarcyWeisbach equation is: 2 where h is the friction headloss in meters, f is the friction factor (dimensionless), L is the length of pipe in meters, D is the inside pipe diameter in meters, v is the velocity in meters per second, and g is the acceleration of gravity (9.81 m/s 2 ). The advantages of the Darcy-Weisbach equation are that it is dimensionally homogeneous, can be used at any temperature, for any pipe size, under any flow range, and with any incompressible fluid. Jones (2008) also states that the friction factor variation is well documented, the equation is based on fundamentals, and it is dimensionally consistent.
One disadvantage is the friction factor, f, is related to the equivalent roughness, ε, and the Reynolds number, R, a variable that is expressed as:
where R is Reynolds number (dimensionless), v is velocity in feet per second, D is the pipe ID in feet, and V is the kinematic viscosity in square feet per second. Another disadvantage of the Darcy-Weisbach equation is that it must be solved by iteration, which made it difficult to use until calculators and computers could be used to solve the equation more quickly (Jones 2008) .
It is important to remember that all friction headloss equations have various advantages and disadvantages. As Jones (2008) states, "the major weakness of any head loss formula is the uncertainty in selecting the correct friction coefficient." Determining the proper friction factor is often uncertain because of variation of pipe wall roughness, installation quality, and water quality (Jones 2008) .
Overestimating Headlosses
Although it is prudent to accurately and conservatively estimate pipeline friction headlosses, the engineer needs to also be wary of being too conservative and overestimating headlosses. If the actual operating headloss is less than estimated during design, discharge flows will be higher than anticipated. Overestimating headlosses can lead to less efficient operation of pumps that operate in less efficient ranges of the pump curves, and installation of larger pumps, motors, pipe, and equipment than what is actually needed for the required flow rates. As stated by Jones (2008) , "Fear of insufficient capacity for future flows often leads to the most frequent and worst blunder of all -choosing pumps and pipes too large for the actual flows to be encountered."
Common Pipeline Performance Issues
There are many common design issues that can cause serious performance problems in large-diameter pipelines if not taken into consideration during design. Additional common hydraulic design pitfalls include: underestimating effects of sediment and biological material in raw water sources, not accounting for aging of pipeline materials, inadequate pipe pressure class design, improper placement and sizing of air valves, lack of accurate transient and surge analysis, inadequate flow and pressure field measurement, and potential need for pipeline maintenance and cleaning.
Sedimentation and Biofouling
Higher sediment and biological loads are common in raw water lake sources, especially in surface water including lakes, rivers, and streams. For many raw water intakes on surface water bodies, it is common for raw water delivery pipelines to experience the effects of higher sediment and organic loads close to the water source, resulting in higher pipe friction headlosses for several miles in the pipeline. As the pipeline travels further away from the raw water source, sediment and organic growth will generally disperse and mix becoming less problematic. The design engineer needs to be aware of this potential issue and account for a higher friction headloss in pipeline segments located in closer proximity to the water source.
The presence of biological material in raw water and its effects on a pipeline are commonly referred to as biofouling. Bacteria, algae, fungi, and invertebrate organisms such as clams or mussels can cause a biofilm that attaches to the pipe walls. Biofilm buildup can increase the wall roughness and can be a significant cause of energy loss, resulting in reduced flow capacity of the pipeline.
Biofouling can be difficult to locate and determine. Seasonal spikes in biofouling are common with higher biological growth in warmer months as water temperatures rise. Barton (2008) indicated that, "Better understanding of biofouling problems requires the regular monitoring of pipeline headloss characteristics, and further efforts to quantify the level of biofilm growth on internal surfaces." If the interior pipeline coating is in good condition, hydraulic and system efficiency improvements can be made from cleaning of the biofouling material (Barton 2008) .
Maintenance and Cleaning
Buildup of sediment and biological material effectively reduce the pipe diameter and increase interior roughness, resulting in a serious impact on pumping costs by increasing system pressures and required pumping head. For large diameter pipe systems, it can often be cost effective to implement regular maintenance and cleaning schedule for the pipeline.
Pigging is a common maintenance method used where a cleaning pig is placed inside the pipe and the force of the water pushes the pig through the pipeline while scouring pipe wall growth, sediment, and debris out of the pipeline. It is usually necessary to design and install pigging launch and retrieval vaults and facilities for entry and retrieval of the cleaning pig. The designer needs to be aware that any inline valves, meters, or other structures in the flow path may block the path of the pig. These appurtenances need to be minimized or arrangements will have to be made for removing appurtenances and installing temporary pipe spool pieces during cleaning operations. Jones (2008) stated, "The ease of cleaning pipes with pigs and the increasing cost of power warrant the installation of pipe-cleaning, launching, and receiving stations on most pipe systems and networks."
In combination with pigging operations, another common method for controlling biological growth in pipelines is chemical treatment or pre-chlorination. Chemical treatment can help prevent biological growth from becoming a huge problem by slowing the growth of biofilm on the pipe interior, and reducing the frequency of pigging operations. Typically, water quality tests will need to be conducted to identify all biological organisms present, and to determine correct chemical doses, contact time and dosage intervals.
Aging of Pipeline Materials
As a pipe ages, the inside surface of the pipeline will slowly degrade and become rougher, causing a slow increase in friction headlosses over time. Although implementation of a cleaning or pigging program can improve the roughness of the pipe for a period of time, the pipe interior will continue to degrade and roughen. The design engineer should account for the natural degradation of the pipeline by estimating a friction factor for aging pipe over time. It is prudent to develop a range of system headlosses for new and old pipe, so the pipeline can be designed for increased capacity and higher pressures in the future. Pipe Pressure Class Selecting the adequate pipe pressure class during design is an important factor to ensure planned maximum capacity in the future. It is a good design practice to select a conservative pipe pressure class when analyzing expected pressures along a pipeline route. Various issues as previously described including sediment, biofilm, inadequate cleaning, faulty air valves, transient/surge events, and poor installation can add up and cause increased friction headlosses and higher pressures. Many pipe manufactures can confirm that the cost of concrete cylinder and steel pipe is not significantly higher for standard pressure classes up to 200 psi. The economy of scale benefit gained by increasing pipe pressure class on a multi-mile large diameter pipeline can be just a fraction of the overall construction cost. This additional cost is minimal when compared to the increase in life-cycle energy and pumping costs, lost capacity, and lost revenue from customer water sales.
Air Valves and Airlocks
It is common practice in pipeline design to install air release valves at all high points in the system. Although the conduit is filled with fluid, entrapped air and air bubbles will naturally rise to the nearest high point in the system, where air release valves will release this trapped air from the pipeline. However, if the air valve is not adequately sized, or not installed at all, an air bubble can partially or completely fill the diameter of the pipe, causing a blockage or restriction and effectively creating an air-lock. This blockage of the pipe can reduce capacity and increase system pressures significantly. Air pockets in pipelines can increase flow resistance by more than 10% and generate pressures as high as 10 times normal operating pressures (Jones 2008) . It is common to install combination air/vacuum valves that allow for release and entry of air during filing and draining operation. The valve orifices for entry and release of air must be properly sized to prevent air-locks during filing and vacuum collapse of the pipe during draining operations.
Transient and Surge Events
Transients or hydraulic surge events in pipelines are often referred to as water hammer. Every large pipeline should be evaluated for potential water hammer, as these events can cause catastrophic failures. A full discussion on transient analysis and water hammer is beyond the scope of this paper; however, it is possible through transient modeling to identify potential surge problems that may exist in a water transmission system. Numerous operational issues including but not limited to pump start-up/shut-down procedures, valve selection, air valve location, and topography can have a major effect on transients. A thorough transient analysis can help the design engineer to mitigate risks through use of proper pump control strategies, air valve sizing and location, pipe pressure class design, and vertical pipe profile design.
Flow and Pressure Measurement
Accurate flow and pressure measurement is an important tool that can help system owners and operators view and track performance trends over time. Modern System Control and Data Acquisition (SCADA) systems can easily record daily or hourly data to help monitor increases in headlosses, identify seasonal changes, isolate problems along pipelines, and quantify the need and frequency for cleaning. Flow meters and pressure transducers should be calibrated on a regular schedule as recommended by the manufacturer to ensure accurate data collection. Inaccurate readings can lead to underestimating or overestimating system performance and issues. More frequent placement of pressure transducers along a pipeline, especially in first several miles near a raw water source can help to accurately monitor headloss fluctuation. For flow meter placement, it is important to conservatively follow manufacturer recommended upstream and downstream pipe length requirement to ensure the most accurate flow measurement.
Case Studies Case Study # 1
This case study is part of a transmission system that includes a lake intake pump station, two booster pump stations, and over 90 miles of 64-inch and 72-inch diameter pipeline. The pipeline is split into 3 segments, divided by the two booster pump stations. The system was constructed in the late 1990s with an initial conveyance capacity of 80 MGD, and an ultimate expansion capacity of 100 MGD. The pipeline pressure class and pumps were selected based on a Hazen-Williams Cfactor of 138 for system head loss calculations.
Soon after completion of construction and initiation of the system, pressure data began showing evidence that the actual operating pressures in the system were higher than estimated during design. Throughout the first ten years of operation, small flow and pressure tests were run, air valves and isolation valves along the pipeline were checked, and flow meters were frequently calibrated for accuracy. All evidence was pointing to issues with friction headlosses.
In 2010, the system was analyzed to determine its ability to transport additional water from a new water source. This analysis included an evaluation of the existing system hydraulics, actual hydraulic capacity, operational conditions, and facilities. The system was analyzed using operating flow rates, pressure data, and water levels in the lake and ground storage tanks over the past 8 years to calculate actual operating headlosses in the existing pipeline.
The Darcy-Weisbach and Hazen-Williams equations were used to calculate the friction factors (f) and C-factors respectively along each segment of the pipeline. Table 1 shows the calculated average f and C-factors for each segment for various pumping rates. Three pressure transducers are located along the pipeline at PS1, PS2, and PS3. Since there is no pressure transducer located at the WTP (end of Segment 3), the friction factors and C-factors were assumed the same for Segments 2 and 3. The results of the calculations show much higher headlosses in Segment 1 as compared to Segments 2 and 3.
The average calculated friction factor and Moody Diagram were used to determine the relative roughness of each segment. The relative roughness for Segment 1 was approximately 0.0027 ft which is a typical value for aged pipe, and 0.0011 ft for Segment 2 which is typical of newer pipe.
All three pipeline segments are of the same age so the discrepancy in pipe friction and relative roughness in Segment 1 could be due to the following:
• Sediment build-up;
• Organic growth (clams or mussels, slime build-up, etc.);
• Partially closed valves;
• Non-working air valves that create an air-lock;
• Damage or blockage in pipe;
• Inaccurate pressure/flow gauge readings.
In September and October 2010, pressure data recorders were installed at several air valve locations along Segment 1 and at the end of Segment 3 near the WTP. Two different pumping schedules were tested in order to observe performance at different flow rates. Table 2 shows the recorded average f and C-factors for Segment 1 divided as shown. Table 3 shows the recorded average f and C-factors for the entire pipeline divided into Segments 1, 2, and 3. It can be seen from the recorded friction factors (f) and C-factors that there are much higher headlosses in pipeline Segment 1, especially in the first 13 miles. This evidence points to potential high sediment loads and biofouling in the first 15 miles of pipeline. Additional pressure testing and water quality testing may conclude a need for regularly scheduled pipeline pigging and chemical treatment of the lake water for capacity improvements of the pipeline.
Also of note, the existing pipe pressure class is a limiting capacity constraint. The pipeline was originally designed for a maximum conveyance capacity of 100 MGD using a Hazen-Williams C-factor of 138. As shown in the recorded data, actual operating headlosses are higher than those predicted in the original design. Based on the Darcy-Weisbach method, the maximum capacity of the pipeline is limited by the existing pipe pressure class which in some cases, 100 psi class pipe was installed. Due to higher headlosses and low pressure class pipe, Segment 1 currently limits the maximum capacity of the entire system to approximately 90 MGD. As the system ages, the pipeline roughness will increase and the system capacity could be reduced below 85 MGD if maintenance and improvements are not implemented to improve hydraulic capacity.
Case Study # 2
Case Study #2 involves a portion of a large raw water supply system that includes over 300 miles of pipeline, numerous pump stations and several reservoirs. In this case study, a 120 mile section of raw water transmission pipeline ranging in size from 54-inch to 72-inch diameter was analyzed to identify alternatives to increase capacity of the existing system. The system was constructed in the late 1960s with initial tested C-factors ranging from 130 to 145 for the segments of pipeline in this study.
Over the lifetime of the system, the owner has not maintained a routine pigging program for cleaning of the pipeline. As part of this study, pigging was conducted to measure performance improvements. Prior to pigging, the C-factors varied from 110 to 125. After pigging, there was an initial C-factor of 125 to 138; however, the C-factor typically deteriorated to 120 to 125 within 18 to 24 months of the pigging. The current C-factors were estimated from previous flow tests. Based on these C-factors, estimates of the current capacity of the pipeline were determined.
Long-term C-factors were estimated based on pigging the pipeline at approximately 2-year intervals. Table 4 shows C-factors for existing conditions, average and "best case" estimates from pigging, and historical high and low values.
Test data shows that the C-factor continuously deteriorates after the pigging, and drops to the original C-factor in approximately 2 years. It is estimated that pigging will be required to maintain the current capacity of the pipeline, but should not be expected to achieve a significant increase above the current capacity. It is estimated that pigging at 2-year intervals will increase the capacity of the pipeline by up to 2 MGD above the existing capacity. Although pigging will not achieve a significant increase in capacity, it will be needed to maintain the current capacity.
Installation of parallel pipeline segments in critical bottleneck sections was explored to determine what additional capacity could be achieved. It was determined that the additional cost of the parallel segments would not justify the small increase in capacity. Case Study # 3
Case Study #3 includes a glimpse at biofouling occurring on a raw water supply system and the positive effects of chlorine treatment. The pipeline has been known to develop biofilm as a result of biological material and organisms in the raw water source. Flow data records over several years indicated a seasonal loss in flow capacity. The reoccurring pattern showed that the system tends to produce lower flow capacities in the summer months. Figure 1 illustrates the average flow rates over the course of the year in 2006.
Figure 1: Seasonal Biofouling and Reduction in Flow Rates
During 2006, flow rates dropped from approximately 112 MGD to 106 MGD; a loss of 4% capacity. Chlorine pre-treatment was implemented in August, and partial flow rate recovery resulted by the end of 2006. This case study shows evidence of increased biofilm development during warmer summer months as the rise in water temperatures create a more fertile environment for biological growth.
Capacity Improvements
For existing water transmission systems that experience headloss issues, capacity constraints, and other performance issues, there are some available improvement technologies, maintenance processes, and rehabilitation methods that may provide small to moderate gains in capacity and performance. Some of the potential options that system owners and design engineers may consider include:
• Cleaning of pipeline (pipeline pigging); install pig launch/retrieval vaults;
• Conduct water quality analysis and inspect inside of pipeline for biofilm build-up; implement chemical pre-treatment (pre-chlorination); • Add pressure transducers for more accurate monitoring of headlosses;
• Calibrate or replace flow meters to achieve more accurate flow measurements;
• Pipeline condition assessment; repair damages to existing pipe joints/segments; • Replace lower pressure class sections of pipe with higher pressure class pipe in critical areas;
• Parallel existing pipe with new pipe for increased capacity in critical areas.
Summary
Design mistakes made by engineers on multi-million dollar water transmission systems can be disastrous to system owners and ultimately cost taxpayers millions of dollars more due to reduced water supply, increased water rates, and required public expenditures on additional water supply sources. The design engineer should be wary of using simplified rules-of-thumb, and be aware of the inherent differences of each project. For large-scale water supply projects, mistakes in hydraulic design can be magnified, resulting in reduced system capacities, higher operating costs, catastrophic failures, or potential litigation.
